winter, 0.84 -2.51% in spring and 1.22 -5.13% in summer. The relationships of monoterpene emission with temperature, Significant correlations of total monoterpene emission with light, photosynthesis and stomatal conductance (g s ) were studied in Quercus ilex L. trees throughout the four annual temperature were found when considering either summer emission or the emission over the entire year, whereas significant seasons under field conditions. The highest monoterpene emission was measured in spring and summer (midday average of correlations with net photosynthetic rates were only found 11 mg ). The monoterpenes limonene, -rate or temperature is partly related with volatility of the compounds. Influences of seasonality, temperature, photosynpinene and -pinene represented about 75-95% of total detected monoterpenes. The total monoterpene emission rates thetic rates and volatility should be considered in inventories and models of emission rates in Mediterranean ecosystems. represented about 0.04% of carbon fixed in autumn, 0.17% in
Introduction
Almost 50% of the plant species growing in Mediterraneantype ecosystems of the world produce and emit volatile organic compounds (Ross and Sombrero 1991) . Some of them, mainly terpenoids, are significant sources of ozone formation and influence the oxidative characteristics of the atmosphere (Singh and Zimmerman 1992, Lerdau and Peñ uelas 1993) . The most common volatile terpenoids are hemi (e.g. isoprene) and monoterpenes (e.g. h-pinene).
Capacity of production and emission of monoterpenes is influenced by several abiotic and biotic factors. Among the abiotic factors, temperature (Dement et al. 1975 , Tingey et al. 1980 , Hansted et al. 1994 , irradiance (Dement et al. 1975 , Tingey et al. 1980 , Staudt and Seufert 1995 , Loreto et al. 1996b , BEMA 1997 , seasonality (Peñ uelas and Llusià 1997) , and water availability (Kainulainen et al. 1992 , Stone and Bacon 1994 , Ebel et al. 1995 , Bertin and Staudt 1996 have strong effects, especially under Mediterranean conditions, characterized by a long dry summer, high irradiance and high temperatures (Di Castri 1973) .
The pattern of terpene emission from plants that do not store terpenes in specialized structures is different from that of plants that lack such structures (Lerdau 1991 , Lerdau et al. 1995 , Loreto et al. 1996b .
Terpene emission was studied by holm oak (Quercus ilex L.), a common small tree species of Mediterranean climate. Holm oak terpene emission has been recently studied in relation to photosynthetic photon flux density (PFD), temAbbre6iations -g s : stomatal conductance; PFD: photosynthetic photon flux density. Physiol. Plant. 105, 1999 perature, water stress, and photosynthetic and transpiration rates , Staudt and Seufert 1995 , Bertin and Staudt 1996 , Kesselmeier et al. 1996 , Loreto et al. 1996a ,b, BEMA 1997 . No specialized storage structures for monoterpenes have been found in its leaves or bark, and the emission seems to be mainly influenced by temperature and light, probably through its dependence on metabolites originating in the photosynthetic processes (Loreto et al. 1996a , Ciccioli et al. 1997 .
The relationships between monoterpene emissions of Quercus ilex L. and net photosynthetic rate, stomatal conductance (g s ), PFD and temperature during spring and progressively drier summer field conditions were studied by measuring emissions throughout diurnal cycles. The study was then completed with midday measurements during the following autumn, winter, spring and summer to study seasonal patterns. The hypotheses were that changes in the emission rates of this species would be mainly driven by changes in net photosynthetic rate, and that the relative influence of temperature would depend on each monoterpene's particular volatility. The final aim was to characterize relationships with physiological and abiotic factors under field conditions for the improvement of emission inventories in Mediterranean ecosystems, which until recently, were mostly based on emission algorithms developed from growth-chambers studies.
Materials and methods

Experimental site conditions and sampled leaves
The experiment was performed in forests located at 950 -1050 m altitude in Montcau, Sant Llorenç de Munt natural park (central Catalonia, NE Spain). The dominant trees are 3-5 m tall Q. ilex. The climate is subhumid Mediterranean-temperate, with cool wet winters and warm dry summers, with a mean annual temperature of 10.2°C and a mean annual precipitation of 850 mm. Temperature trends are rather regular, whereas precipitation is variable, which causes more or less pronounced drought periods sometimes even in spring or winter which can strongly influence the activity and productivity of the vegetation.
The measurements were conducted on 13 May, 27 June, 29 July and 6 November 1996 and on 11 February, 24 April and 25 July 1997. Measurements were taken on sun-exposed, fully developed, and apparently healthy leaves, which were located facing southward in the lower part of the crown, at 1.5-2 m above ground. In June and July 1996, measurements of leaf gas exchange were carried out in the morning (8:30-10:00 h solar time), at midday (11:30-13:00 h solar time) and in the evening (15:30-17:00 h solar time). Sampling was only conducted at midday in all the other dates. After gas exchange and terpene sampling was finished, leaves were stored in a portable refrigerator at 4°C and taken to the laboratory where their area was measured in a LICOR (Li-cor, Lincoln, NE, USA) system and where they were dried in the oven at 60°C until they reached constant weight.
Gas exchange and terpene sampling and analysis
Measurements of CO 2 and H 2 O exchange and terpene sampling were conducted simultaneously. An LCA-4 IRGA (ADC, Hoddeson, Hertfordshire, England) was used for determination of CO 2 and H 2 O exchange. Intact leaves were clamped in Parkinson Chambers (PLC-2; ADC, Hoddeson, Hertfordshire, England) adapted to an ADC-LCA-4. T systems were used for terpene sampling. Air exiting the cuvette flowed through the T system to a glass tube (11.5 cm long and 0.4 cm internal diameter) filled with terpene adsorbents Carbotrap C (300 mg), Carbotrap B (200 mg) and Carbosieve S-III (125 mg) from Supelco (Bellefonte, PA, USA) separated by plugs of quartz wool. The tube's hydrophobic properties minimized sample displacement by water and produced no chemical transformation as checked with standards. Prior to use, they were previously conditioned for 3 min at 350°C with a stream of purified helium. The sampling time was 5 min and the flow varied between 100 and 200 ml min − 1 depending on the glass tube. The flow for each tube was determined with a bubblier flowmeter. The trapping and desorption efficiency of standards such as h-pinene, i-pinene or limonene (the main individual terpenes accounting for about 75 -95% of total emission) was practically 100%. In order to eliminate the problem of 'sticky' terpenes adsorbed by the surfaces and materials used in the gas exchange system, blanks of 15 min free air sampling without clamping leaves were carried out immediately before and after each measurement. The glass tubes (with trapped terpenes) were stored in a portable refrigerator at 4°C, and brought to the laboratory. There, they were stored at −30°C until analysis (no longer than 24-48 h later).
For terpene analysis, a GC-MS (Hewlett Packard G1800A; Palo Alto, CA, USA) was used. Trapped emitted monoterpenes were desorbed (Thermal Desorption Unit, Model 890/891; Supelco, INC, Bellefonte, PA, USA) at 320°C during 3 min and injected into a 30 m × 0.25 mm film thickness capillary column (Supelco HP-5, crosslinked 5% phenyl Me Silicone). After sample injection, the initial temperature (46°C) was increased at 30°C min − 1 up to 60°C, and there was a second rate of temperature increase at 10°C min − 1 up to 150°C, temperature that was maintained for 5 min. Helium flow was 1 ml min − 1 . The identity of monoterpenes was confirmed with GC-mass spectroscopy, by comparison with standards from Fluka (Chemie AG, Buchs, Switzerland) and with spectra from the literature. Internal standard (dodecane) together with frequent calibration with other standards (once every three analyses) were used for quantification. Detection limit was about 0.6 ng. Calibration curves were always highly significant (r 2 \ 0.99). For most of the studies, these techniques demonstrated good reproducibility in the measured emission rates and relative composition of terpenes produced by different leaves and plants of the same species.
Statistical analyses
All statistical analyses (ANOVAs, correlations, and regression models) were conducted using SYSTAT 5.2 (SYSTAT Inc., Evanston, IL, USA) and StatView 4.5 (Abacus Concepts Inc., Berkeley, CA, USA) statistical program packages. , Table 1 ). The less volatile limonene followed the daily patterns of net photosynthetic rates whereas the more volatile h-pinene and i-pinene followed the daily patterns of temperature (Fig. 1) .
Results
Seasonal emission of terpenes
Relationships of terpene emission rates with net photosynthetic rate, stomatal conductance, temperature and PFD Net photosynthetic rates decreased in summer (PB0.01, ANOVA) ( ) ( Table 1) . They were slightly higher on 29 July 1996 than on 27 June 1996 in morning and midday samplings (Fig. 1) , probably because of better water availability (Peñ uelas et al. 1998) . Both net photosynthetic rates and g s increased in the next autumn, winter and spring and decreased again the next summer (Table 1) . The monoterpene emission rates represented 0.84 -2.51% of the photosynthetic carbon fixation in spring, 1.22 -5.13% in summer, 0.04% in autumn and 0.17% in winter.
Significant correlations of total monoterpene emission with temperature were found when considering all seasons whereas significant correlations with net photosynthetic rates were only found when considering the summer season (Fig. 2) . The emission rates of h-pinene and i-pinene in Physiol. Plant. 105, 1999 643 Fig. 1 . Time course of changes in photosynthetic photon flux density (PFD), net photosynthetic rate, stomatal conductance (g s ), temperature and emission rates of total monoterpenes, h-pinene, i-pinene and limonene in Quercus ilex leaves clamped inside the gas exchange chamber on 27 June and 29 July 1996. The same leaves were followed throughout the day. There was a prevalence of south-east-oriented leaves, thus explaining higher PFD values in the morning than at midday. The other sampling dates are not depicted, because measurements were only conducted at midday. Values are averages 9 SEM (n =5).
summer seasons were more strongly correlated with temperature than the emission rates of limonene (Fig. 2) . However, these differences disappeared when considering emission rates of the entire year (four seasons) (Fig. 2) . On the contrary, the strongest correlation between terpene emission rates and net photosynthetic rates was found on limonene in summer. There was no significant relationship between terpene emission and photosynthetic rates when considering the four annual seasons, because the high photosynthetic values of autumn and winter were associated to the low emission rates of these seasons (Fig. 2) . g s and PFD presented weaker correlations with emission rates (data not shown).
Discussion
These results corroborate previous results for Q. ilex, which was found to emit large amounts of monoterpenes but only small or not detectable amounts of isoprene (Hewitt et al. 1995 , Loreto et al. 1996b ). The emission rates are similar to those found by these authors under natural light conditions, with maxima of 20 -40 mg C g DW − 1 h − 1 between 10:00 and 16:00 h (Staudt and Seufert 1995) . The high emission rates of limonene found in spring and summer in this study (5.27 -6.69 mg [g DW]
) are not in agreement with lower emission rates usually reported for this monoterpene (see for example BEMA 1997), but they have been confirmed both in 1996 and 1997. This prevalent emission of limonene may indicate that Q. ilex populations in NE Spain may be emitting different terpene mixes than populations of other Mediterranean regions such as southern France or central Italy, where previous measurements indicate hpinene, i-pinene, sabinene and myrcene as the four principal monoterpenes emitted (in decreasing order) (BEMA 1997) . This study demonstrates that emission rates were correlated with net photosynthetic rates only within summer conditions, when the monoterpene emission rates repre-sented up to 5.13% of the carbon fixed, but not when considering the entire year, and that the correlation was stronger for least volatile limonene than for the more volatile h-pinene and i-pinene (Fig. 2) . On the contrary, h-pinene and i-pinene summer emission rates had stronger relationships with temperature than limonene (Fig. 2) . This study also demonstrates that different monoterpenes exhibit different daily patterns of emission (Fig. 1) . The least volatile limonene had maximum emission rates in the morning coinciding with maximal g s and net photosynthetic rate, and the more volatile h-pinene and i-pinene had maximum emissions at midday coinciding with maximum temperature (Fig. 1) . When relating terpene emission rates with physiological factors (photosynthetic rate and g s ) and abiotic factors (temperature and PFD), logarithmic rather than linear scales better fitted the relationships. That may be as a result of the involvement of enzymatic processes (Brown and Goldstein 1980 , Grinspoon et al. 1991 , Kuzma and Fall 1993 , Loreto et al. 1996a ). The logarithmic scales also highlight the large variability of emission rates among leaves and conditions. Fig. 2 . Relationship between emission rates of total monoterpenes, h-pinene, i-pinene, and limonene, and net photosynthetic rates and temperature in Quercus ilex including data from all seasons ( summer; spring; winter; autumn), and from the three sampling times (9, 12 and 16 h) for summer samplings. Values are averages 9 SEM (n= 5). The line refers to relationships for summer data whereas broken line refers to relationships for the entire year data. Broken lines for photosynthetic rate relationships during the entire year were not depicted because they were not significant. Physiol. Plant. 105, 1999 Terpene emission rates versus net photosynthetic rates and stomatal conductances Numerous studies of leaf gas exchange in Mediterraneantype climates have demonstrated similar leaf responses to those described here of decreasing net photosynthetic rates and g s from spring to summer with increasing drought (Oechel et al. 1981 , Tenhunen et al. 1990 ), even though years 1996 and 1997 were wet and did not present the typical accentuated drought of summer in Mediterranean ecosystems (Peñ uelas et al. 1998) . It is well known that the photosynthetic efficiency of Mediterranean sclerophylls decreases progressively during summer drought (Oechel et al. 1981 , Tenhunen et al. 1990 . As drought was minimal in summer 1996, maximal carbon fixation did not occur during periods of relatively low-incident light intensity and relatively low temperature early and late in the day, as is habitual under summer drought (Tenhunen et al. 1990 ). On 29 July 1996, net photosynthetic rates and g s followed the PFD levels (Fig. 1) indicating the absence of severe water stress. On 27 June 1996, however, net photosynthetic rates and g s were lower in the morning and the midday than on 29 July (Fig. 1 ) when there were temporarily slightly wetter conditions after occasional precipitation (Peñ uelas et al. 1998) .
There were significant correlations of daily summer terpene emission rates (especially of the least volatile limonene) with net photosynthetic rates but weaker correlations with g s . Loreto et al. (1996b) also found that g s had less influence on emission rates. Emission seems to depend more on the availability of photosynthetic carbon and temperature than on stomatal opening itself. These monoterpenes may enter the gas phase in such a low amount that it allows little control of the emission rate by stomatal opening.
The positive correlation between net photosynthetic rates and emission rates in summer suggests a link between these two processes that scale together. As holm oak has no storage structures for terpenes, the emitted monoterpenes are synthesized recently (Staudt and Seufert 1995) as demonstrated by 13 C studies (Loreto et al. 1996a) . The high emission rates (0.04-5.13% C fixed) should be linked to an ongoing active monoterpene metabolism as suggested by Staudt and Seufert (1995) . And in fact, it has been recently suggested that monoterpene formation seems to be dependent on ATP availability (Loreto et al. 1996a,b) and with isoprene (Loreto and Sharkey 1990) , and that monoterpene precursors originate as a result of photosynthetic activity (Schü rmann et al. 1993 , Loreto et al. 1996a ). However, once there is a minimum photosynthetic rate to supply terpene production, the link may be weaker than suggested, because there were no significant correlations of emission rates and photosynthesis when considering the entire year. In summer, when they were significant, they were weaker for h-pinene and i-pinene, and seemed more dependent on temperature (Fig. 2) . The high percentages of fixed carbon devoted to terpene emission in summer could serve some role in protecting the photosynthetic apparatus against high radiation and temperatures as has been suggested for isoprene (Litvak et al. 1996 , Loreto et al. 1998 .
Relations with PFD and temperature
Light-dependent emission has been reported for Q. ilex (Street et al. 1997) . In the present study, there was no correlation between terpene emission and incident PFD. In a laboratory-based study, Loreto et al. (1996b) found that photosynthesis and h-pinene responded in a similar way to changes in light intensity, and both saturated at a light intensity between 600 and 900 mmol m − 2 s − 1
. Although plants grown under controlled conditions may saturate photosynthesis and emission rates at a much lower light intensity than in the field, this saturation can explain the absence of a significant correlation between PFD and emission rates of h-pinene on holm oak in this study. In the diurnal samplings (from 8:30 to 17:00 h) of the field study, light conditions would have been mostly saturating (Fig. 1) .
The monoterpene emission rates increased in a log-log relationship with temperature ( Fig. 2 and Table 1 ). This indicates an exponential increase of emission with temperature. Many other studies have shown that temperature affects the emission of isoprene (Loreto and Sharkey 1990) , stored monoterpenes (Tingey et al. 1980 (Tingey et al. , 1991 and nonstored monoterpenes. Loreto et al. (1996b) found that h-pinene emission by holm oak increased 3-fold when temperature was raised from 20 to 30°C. In this study, the increase was also 3-fold when considering the entire year, and even larger, 9-fold, when considering only summer.
There was a different response of terpenes to temperature depending on their volatility. The low volatile limonene was less responsive to temperature than the highly volatile pinenes. This resulted in two different daily cycles. The highly volatile h-pinene and i-pinene had emission rate maxima at midday and in July, with maximum temperatures (Figs. 1 and 2 ), and were more dependent on temperature than on photosynthetic rates. The emission rates of less volatile limonene had their maxima in the morning and in spring ( Fig. 1 and Table 1) , and were more related to photosynthesis than to temperature (Fig. 2) .
Final remarks
These results seem to indicate a combination of factors affecting terpene emission in a way that remains to be elucidated. These results should be considered in inventories of monoterpene emissions and in models and prediction algorithms which mostly predict monoterpene emissions based on temperature and PFD (Ciccioli et al. 1997) , without considering photosynthetic dependence and different volatility of terpenes or seasonal changes in temperature and photosynthesis.
